Chlorogenic acids (CGA) are antioxidants found in coffee. They are becoming of interest for their health-promoting effects, but bioavailability in humans is not well understood. We hypothesized that adding whole milk or sugar and nondairy creamer to instant coffee might modulate the bioavailability of coffee phenolics. Nine healthy participants were asked to randomly drink, in a crossover design, instant coffee (Coffee); instant coffee and 10% whole milk (Milk); or instant coffee, sugar, and nondairy creamer already premixed (Sugar/NDC). All 3 treatments provided the same amount of total CGA (332 mg). Blood was collected for 12 h after ingestion and plasma samples treated using a liquid-liquid extraction method that included a full enzymatic cleavage to hydrolyze all CGA and conjugates into phenolic acid equivalents. Hence, we focused our liquid chromatography-Electrospray ionization-tandem MS detection and quantification on caffeic acid (CA), ferulic acid (FA), and isoferulic acid (iFA) equivalents. Compared with a regular black instant coffee, the addition of milk did not significantly alter the area under the curve (AUC), maximum plasma concentration (C max ), or the time needed to reach C max (T max ). The C max of CA and iFA were significantly lower and the T max of FA and iFA significantly longer for the Sugar/ NDC group than for the Coffee group. However, the AUC did not significantly differ. As a conclusion, adding whole milk did not alter the overall bioavailability of coffee phenolic acids, whereas sugar and nondairy creamer affected the T max and C max but not the appearance of coffee phenolics in plasma.
Introduction
Coffee contains high levels of phenolic antioxidants called hydroxycinnamates, consisting principally of chlorogenic acids (CGA). 3 They are a family of esters formed between a transcinnamic acid, e.g. caffeic acid (CA) or ferulic acid (FA), and quinic acid. The main CGA in coffee is 5-caffeoylquinic acid (5-CQA) (1) , although other caffeoylquinic (3-and 4-CQA), feruloylquinic (3-, 4-, and 5-FQA), and di-caffeoylquinic (3,4-, 3,5-, and 4,5-di-CQA) acids have been detected in various quantities. The total content of CGA in a "classic" cup of coffee (200 mL) varies between 70 and 350 mg (2) and, if consumed regularly throughout the day, coffee may provide up to twothirds of total daily dietary phenolic antioxidants (3) . Whereas phenolic metabolites of CGA have been studied for potential bioefficacy, controversy remains as to how efficient those compounds actually are in reducing the risk of chronic disease (4, 5) . In addition, only a few studies have investigated the metabolism and bioavailability of the phenolic and CGA from coffee. Most studies on plasma concentration in humans only measured up to 8 h after coffee ingestion (6) (7) (8) . A recent human study showed the appearance of dihydrocaffeic and dihydroferulic acids from colonic microflora metabolism when plasma kinetics were investigated for up to 12 h after ingestion of coffee (9) . In ileostomy patients, 33% of CGA were absorbed, thus leaving a potential 66% to reach the colon for further metabolism (10) .
Using animal models, 16% of administered 5-CQA was absorbed upon gastric infusion (11) , and in small intestinal perfusions, 9.2% of 5-CQA was transferred into enterocytes, 8% entering the circulation and 1.2% effluxing back into the lumen (12) . Analysis of mesenteric plasma showed only phenolic acids (mainly FA and traces of CA) but no intact 5-CQA (12, 13) . Results from these 2 animal models, as well as other animal (14) and human studies (15) , suggest that intact 5-CQA is absorbed in the stomach, but not in the small intestine. 5-CQA not absorbed in the stomach will pass to the small then the large intestine where it is cleaved by microflora enzymes prior to absorption. After ingestion of 5-CQA for 8 d, 0.86% of the dose was recovered in the urine as intact 5-CQA. CA, FA, and isoferulic acid (iFA) were also identified in urine in even lower amounts (0.5%). By comparison, 13% of the ingested CA dose was recovered as CA, FA, and iFA in the urine (13) . These findings support the idea that CA can be methylated in vivo into FA or iFA. Hence, evidence from animal studies suggests that CGA are potentially absorbed and metabolized into phenolic acids after coffee ingestion, but information on phenolic acid metabolism and pharmacokinetics in humans is still limited.
There are no data on the bioavailability of these compounds when other foods are consumed with, or added to, black coffee. Some studies have been published on the effect of milk on polyphenols, such as green tea catechins, but the conclusions are conflicting and no consensus has yet been reached (16, 17) .
Thus, this study compares the bioavailability of CA, FA, and iFA equivalents after ingestion of instant coffee, instant coffee with 10% whole milk, and instant coffee premixed with sugar and a lipid-derived nondairy creamer (NDC). To do so, a method involving a full enzymatic cleavage (b-glucuronidase, sulfatase, and esterase) of parent CGA into constituent phenolics was used.
Participants and Methods
Participants. Twelve healthy participants were recruited for this study and 9 (4 men, 5 women) completed the study. Participants' characteristics by gender are described in Table 1 . Volunteers were informed of all the details of the study before giving their informed consent. The study was approved by the ethical committee of clinical research of the University of Lausanne, Switzerland. Inclusion criteria included age 18-50 y, healthy, average and regular coffee consumption of 1-5 cups/d, and nonsmoker. Exclusion criteria included intestinal or metabolic diseases/disorders such as diabetic, renal, hepatic, hypertension, pancreatic or ulcer, food allergy, major gastrointestinal surgery, difficulty to swallow, regular consumption of medication, high alcohol consumption, had given blood within the last 3 wk, or currently participating in another study.
Study design. This was a controlled 4-treatment crossover study. One of the treatments did not contain coffee, and its purpose was intended to serve another outcome not described here. One week prior to the first treatment, BMI was measured. Twenty-four hours prior to each treatment until the end of the sampling period, the ingestion of coffee, tea, cola, alcohol, whole-grain cereal (white bread allowed), or any medication was not allowed. Only water could be drunk during the night and in the morning before the treatment. On each study day, the participants arrived early in the morning at the metabolic unit after an overnight fast. Baseline blood was sampled and then participants received one of the treatments. Treatments included 4 g soluble instant coffee dissolved in 400 mL water (Coffee treatment), 4 g soluble instant coffee dissolved in 360 mL water and 40 mL whole milk (Milk treatment), or 30.5 g premixed instant coffee with sugar and NDC providing 4 g of instant coffee (Sugar/NDC treatment). Hence, each volunteer received the Coffee, Milk, and Sugar/ NDC treatments once. The washout period between treatments was 1 wk. On each study day, blood was collected at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 11, and 12 h after drinking one of the treatments. A standard lunch and dinner were provided at the metabolic unit. The participants were encouraged to drink as much as they wanted and water was available ad libitum. Twenty-four hours after receiving the treatment, a final blood sample was taken.
Coffee CGA content was determined on a percentage dry weight basis via HPLC analysis ( Table 2) . Additional data on the composition of the premixed coffee with sugar and NDC are provided in Table 3 .
Beverage analyses. Total CGA content in the Coffee treatment (4 g) used for this study corresponded to 335 mg (900 mmol) of total CGA ingested as a single dose ( Table 2 ). To make comparisons feasible between treatments, we provided the same 4-g dose of instant black coffee in all 3 treatments. Forty mL of water were replaced with 40 mL whole milk in the Milk treatment. A dose of 30.5 g of premixed coffee, sugar, and NDC also provided 4 g of instant black coffee and 900 mmol of total CGA for the Sugar/NDC treatment. This premixed coffee contained 13% instant soluble coffee, 49% sugar, and 38% NDC. The latter was mostly composed of vegetable oil and corn syrup (Table 3) . Macronutrient composition of the 3 beverages after reconstitution in water is shown in Table 4 .
Plasma extraction. The method to extract phenolic acids from plasma samples has been described in detail elsewhere and validated using authentic synthetic standards of phenolic acid aglycones, sulfates, and glucuronides spiked into blank plasma (9) . In summary, 380 mL of plasma and 20 mL of 3-(4-hydroxyphenyl)-propionic acid (internal standard, 500 nmol/L, from Fluka) was precipitated with 3 volumes of ethanol. The ethanol supernatant was poured into a clean 2-mL Eppendorf tube. The protein precipitation procedure was repeated twice by adding 1 volume of ethanol and the pooled ethanol was dried under nitrogen flow at room temperature for~2 h. The dry residue was resuspended in 400 mL of 50 mmol/L sodium phosphate buffer (pH 7.0), freshly prepared containing an enzyme cocktail of 1000 units of bglucuronidase (Sigma), 60 units of sulfatase (Sigma), and 0.1 unit of chlorogenate esterase (Kikkoman). The sample was incubated for 60 min at 378C. At the end of the incubation, 42 mL of 1 mol/L HCl and 240 mg NaCl were added. A liquid-liquid extraction with ethyl acetate (800 mL) was conducted 4 times and the pooled organic phase dried under nitrogen. The residue was then dissolved in 400 mL of methanol: water: acetonitrile (20:76:4, v:v:v) containing 0.08% formic acid and filtered on a 0.45-mm nylon membrane filter.
To properly quantify the compounds of interest, baseline plasma samples were used to create a standard curve (50-2400 nmol/L) by spiking 20 mL of buffer solution containing known concentrations of CA, FA, iFA (Extrasynthese), and internal standard. Samples were then extracted together with the unknown plasma samples collected throughout the 12-h period. Liquid chromatography-Electrospray ionization-tandem MS analyses and quantification of coffee phenolics in plasma. The method to quantify coffee phenolics in plasma has been described in detail elsewhere (9) . In summary, analyses were performed on an Agilent 1100 quaternary pump LC system (Agilent Technologies) coupled to a 3200 Q TRAP mass spectrometer instrument equipped with a TurboIonSpray ionization source (Applied Biosystems). HPLC analyses were conducted on a Zorbax SB-C18 reverse phase column (2.1 3 50 mm, 1.8 mm) (Agilent Technologies). The mobile phases were constituted with solvent A: water containing 1% acetic acid; solvent B: methanol; and solvent C: acetonitrile. Details on the gradient program, flow rate, and other parameters used to detect and quantify phenolics have been published elsewhere (9) . MS/MS detection was using the selected reaction monitoring (SRM) acquisition mode. The 2 most intense fragment ions of each compound were selected and quantitative analysis was performed using the most intense SRM signal (SRM1), whereas the second SRM transition (SRM2) was used for analyte confirmation based on appropriate area ratio calculated from standard solutions. Data processing was performed using Analyst 1.4.2 software (Applied Biosystems MDS/SCIEX).
Statistical analysis. Participants were randomized to sequences issued from a 4 3 4 Williams Latin square.
The areas under the available plasma curve (AUC) of coffee phenolic acids were calculated on 12 h by the trapezoidal method.
All the calculated parameters [AUC, maximum plasma concentration (C max ), time needed to reach C max (T max )] were skewed to the right and needed a log-transformation to reach normality. Thus, data are described by the geometric mean and the first and third quartiles (Q1, Q3).
A linear mixed model was performed on log-transformed data with treatment as fixed effect and volunteers as random effect. The estimations of the treatments effects are presented as the ratio of geometric means and its 95% CI.
All statistical analyses were done with SAS software (version 9.1). The rejection level in statistical tests is equal to 5%.
Results
AUC. AUC corresponded to the available plasma coffee CGA against time after treatment. AUC (0-12h) of CA, FA, and iFA equivalents did not differ significantly between the Coffee and Milk treatments. Comparison between the Coffee and Sugar/ NDC treatments also did not show any significant difference in AUC (0-12h) of the studied metabolites ( Table 5 ; Fig. 1A-C) . FA plasma kinetics for all 3 treatments showed a biphasic phenomenon with a first peak at~1 h and another at~6 h after ingestion.
C max . The C max of CA, FA, and iFA equivalents did not differ between the Coffee and Milk treatments, although that of iFA tended to be lower [20% (24%; 39%)] compared with the Coffee treatment (P = 0.088) ( Table 5 ).
The C max of CA and iFA equivalents were lower [29% (2%; 49%) and 26% (4%; 43%), respectively] for the Sugar/NDC treatment than the Coffee treatment (P = 0.039 and 0.027, respectively). In addition, C max of FA tended to be lower [23% (24%; 43%)] compared with Coffee; P = 0.083). Some large inter-individual variability was observed in the individual data (not shown) and contributed to relatively large SD in Fig. 1A -C. Because data were compared within subject, this variability had no impact on statistical evaluation.
T max . The T max of CA, FA, and iFA equivalents did not differ between the Coffee and Milk treatments (Table 5 ). T max of FA and iFA were greater by 222% [40%; 641%] and 20% [4%; 37%], respectively, for the Sugar/NDC treatment compared with Coffee (P = 0.009 and 0.014, respectively). T max of CA tended to be higher by 56% [22%; 149%] in the Sugar/NDC treatment compared with Coffee (P = 0.062). Large CI on the graphs (especially for FA) were indicative of large differences between individuals (Table 5 ; Fig. 1A-C) , which justified the cross-over design of the experiment.
Discussion
Before this study, only a few reports investigated the absorption of CGA after coffee ingestion in plasma of healthy volunteers. They reported data over 2 (6), 4 (7), 8 (8) , and 12 h (9) after ingestion of coffee. However, there are several differences in study design, CGA delivery (extract or soluble coffee), and analytical tools among those human studies and comparison of bioavailability data among studies should be done with caution at this stage.
Coffee contains a complex profile of different isomers of CQA, FQA, and di-CQA, which upon absorption and metab- Milk's effects on coffee phenolic compound bioavailability 261 olism will increase in number, especially because early work indicated that cleavage of CGA into CA and quinic acid is an important metabolic pathway (18) (19) (20) . Here, we decided to take another route in quantifying possible metabolites in plasma by cleaving all ester bonds of potential CGA to the corresponding phenolic acid equivalents during sample preparation, in addition to commonly used b-glucuronidase and sulfatase deconjugation. Therefore, we included CGA in the total estimation of CA and FA equivalents and did not estimate how much was in the intact CGA form. Currently, there are no proper standards of some CGA and of any CGA conjugate, so that the data obtained would have been semiquantitative only. Our strategy was to quantify CA and FA equivalents from all sources in plasma after coffee consumption. This provided us with general but accurate information on levels of CA and FA equivalents appearing in plasma, as we have all the standards of the relevant phenolics we wanted to measure to produce precise quantification. Additional justification of the method used here can be found elsewhere (9) .
Previous studies reported the presence of CA, FA, and iFA in plasma after coffee ingestion (6, 8) and the experimental approach adopted in this study allowed us to identify the same metabolites. All 3 followed similar kinetics with maximum appearance in plasma 1-2 h after ingestion (Fig. 1A-C) . Hence, they are most likely to be absorbed and metabolized by the small intestine.
The main hypothesis for this study was that adding 10% whole milk or sugar/NDC to coffee may affect the bioavailability of phenolic acids. With respect to the Milk treatment, no significant difference was found for AUC, C max , or T max of CA, FA, and iFA equivalents compared with the Coffee treatment. We therefore conclude that the overall absorption of polyphenols as measured by plasma concentration was unaffected by the addition of 10% whole milk to a regular black cup of coffee. This addition did not affect either C max or T max . With respect to the Sugar/NDC treatment, the AUC of CA, FA, and iFA equivalents were similar to Coffee, but some differences in C max and T max were observed. Indeed, C max of CA and iFA equivalents were significantly lower and T max of FA and iFA equivalents significantly longer for the Sugar/NDC treatment compared with the Coffee treatment. Therefore, we suggest that although the delivery of CGA metabolites did not significantly differ between treatments, the addition of sugar/NDC to coffee may lead to significant changes in some aspects of plasma appearance of those metabolites (flatter but longer curves). With respect to the kinetics of FA and regardless of the treatment given, the biphasic phenomenon observed may indicate not only that FA is absorbed early in the small intestine (first peak) but also that it is subjected to enterohepatic circulation with reabsorption at the level of the colon (second peak).
So far, very few published studies have focused on understanding how proteins, especially from milk, may affect bioavailability and bioefficacy of CGA. Some work using in vitro/ex vivo modeling of the digestive process showed some binding of CQA to proteins (albumin, casein), but the relevance of those findings to an in vivo setting remain to be determined. Prigent et al. (21) found that 5-CQA binds to bovine serum albumin in vitro. They also observed a negative relationship between temperature and 5-CQA binding, and pH ranging from 3.0 to 7.0 produced a positive relationship with 5-CQA binding. In addition, Dupas et al. (22) found a 40% binding of total CQA added to casein, and some binding persisted (17%) until the end of the digestive process. How binding of CQA affects in vivo bioavailability of coffee CGA remains to be further investigated. Additionally, there is no information in the current literature, to our knowledge, on how a lipid-derived creamer or sugar can influence the bioavailability of CGA.
Other published studies have investigated the effect of milk on bioavailability and bioefficacy of catechin polyphenols from tea. Although chemically different from CGA, the following evidence may provide some basis in constructing a hypothesis on how the addition of milk may affect the bioavailability and potential bioefficacy of coffee bioactive compounds. Van Het Hof et al. (16) did not show any difference in human bioavailability of black tea compared with black tea with 15% skimmed milk as measured by plasma AUC, C max , and T max . On the other hand, Reddy et al. (17) showed that adding 20% whole milk to black tea produced a significant decrease in plasma AUC and C max of catechins.
However, differences in design between the studies of Van Het Hof et al. (16) and Reddy et al. (17) make it difficult to formulate any conclusive evidence about the role of milk in modulating bioavailability of tea catechins. The type of milk (e.g. skimmed, semiskimmed, whole) clearly needs to be considered when designing a study. Although the addition of whole milk modulated significantly the bioavailability of tea catechins (17) , the same pattern was not observed in the present study for coffee, suggesting that the binding of polyphenols to milk protein depends greatly on the chemical structure of the polyphenol or phenolic acid and the matrix in which they are present.
Contradictory findings on how milk influences bioefficacy of tea polyphenols have also been reported in the literature. On one hand, Richelle et al. (23) found that adding milk did not decrease the antioxidant capacity of bioactive compounds found in coffee and tea, as measured by lag time of LDL oxidation. Kyle et al. (24) found the same results with the addition of 25% semiskimmed milk. On the other hand, addition of 20% whole milk to black tea led Reddy et al. (17) to observe that plasma antioxidant capacity (ferric-reducing ability of plasma) was significantly reduced at 60 and 120 min but not at 180 min after ingestion of the beverage when compared with green tea alone. Addition of 20% whole milk to green or black tea did not lead to any significant changes in ferric-reducing ability of plasma compared with tea alone in a study done by Leenen et al. (25) . These contradictory findings do not allow a clear conclusion on the effects of milk on the bioefficacy of polyphenols. The dose of tea given must also be considered. Leenen (25) gave 2 g tea extract providing 640 mg and 140 mg total catechins for green and black tea, respectively, whereas Reddy et al. (17) gave a filtered infusion of 7 g of black tea leaves providing 200 mg total catechins. Finally, Lorenz et al. (26) showed that adding 10% skimmed milk to black tea inhibited the positive effect that tea alone produced on the cardiovascular system of postmenopausal women, as measured by flow mediated dilation of the forearm brachial artery. So far, no further studies have been published on that topic to reinforce those findings.
In conclusion, in this study, we demonstrated how the addition of milk and sugar/NDC to coffee may affect human plasma concentration of coffee phenolic equivalents using simple validated extraction and quantification methods. The AUC of phenolic equivalents in the plasma was not affected by the addition of milk or sugar/NDC. Only differences in C max and T max for the sugar/NDC group were observed compared with the Coffee treatment, suggesting a modulation of plasma bioavailability, although the overall plasma AUC remains the same compared with a classic black cup of coffee.
